The electron temperature and ion density produced by a microfabricated plasma generator are characterized in both argon gas and air. The plasma generator sustains a discharge by inductively coupling 450 MHz rf power into a small ͑10 mm diameter͒ vacuum chamber. The inductively coupled plasma source is surface micromachined on a glass wafer by electroplating a planar spiral inductor and two interdigitated capacitors. A plasma can be sustained using gas pressures between 0.1 and 10 Torr and rf powers between 0.3 and 3 W. The ion density increases from 10 10 to 10 11 cm Ϫ3 over this range of power. The electron temperature decreases from 4 to 2 eV as the pressure increases from 0.1 to 1 Torr.
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I. INTRODUCTION
Research in the area of microelectromechanical systems ͑MEMS͒ generally combines traditional integrated circuit electronics with microfabricated mechanical systems. In this article we describe an extension of MEMS that includes plasma generation devices. Miniaturized sources of gaseous plasma have applications in microsystems including mass spectrometers, 1,2 ion thrusters, 3 plasma displays, pixeladdressable plasma processing systems, and inductively couple plasma atomic emission spectroscopy ͑ICPAES͒. 4, 5 Here the microfabrication of a miniature inductively coupled plasma ͑mICP͒ is described, and the electron temperature and ion density produced by the mICP are measured. The application of this mICP is in a microgas analyzer consisting of a microplasma source and a microfabricated Fabry-Perot optical emission spectrometer. 6 Currently, miniature plasma sources include dc microhollow cathode discharges, 7, 8 ac plasma displays, 9 radio frequency inductively coupled plasma, 10 and microwave capacitively coupled discharges. 1 For analytical chemistry applications such as ICPAES, it is desirable for the plasma source to operate in a variety of environments, including oxidizing and chemically reactive gases. To avoid problems with source lifetime and contamination, it is generally desirable to use an electrodeless discharge such as an ICP. On a small scale, the problem of electrode lifetime may be more acute because microfabricated electrodes will be scaled to dimensions on the order of micrometers, but erosion rates will not scale down. Efficient use of power in microsystems is also a concern-both to minimize the size, weight, and voltage of the power source and to stay within a reasonable thermal budget. ICPs heat the plasma electrons without accelerating ions through a large sheath potential. This not only improves the efficiency of plasma generation, but also substantially reduces sputter erosion of the plasma generator surfaces. In addition, the ICP acts as an impedance transformer for the plasma. The transformer allows the plasma to appear as a low impedance to the power source ͑typically 50 ⍀͒. Therefore, only Ϯ10 V ͑dc͒ are needed to supply 1 W of rf power to an inductively coupled plasma. Motivated by these arguments, the scaling laws needed to design a simple lowcost miniature ICP were previously reported. 10 In this article we describe the plasma characteristics of a microfabricated ICP for the first time.
The mICP consists of a 5-mm-diameter planar coil formed from electroplated gold on a glass wafer. Two interdigitated capacitors are also fabricated adjacent to the coil to provide impedance matching of the plasma to a 50 ⍀ rf power source. Individual mICP circuits are diced from the glass wafer and bonded in hybrid packages as shown in Fig.  1 . The plasma sources are operated in argon and air at pressures in the range of 0.1-10 Torr. The electron temperature decreases from ϳ4 to ϳ2 eV as pressure is increased. Langmuir probe measurements show that the ion density falls in the range of 10 10 -10 11 cm Ϫ3 for rf powers between 0.3 and 3 W.
II. MICROFABRICATION
The plasma generator consists of a planar spiral-like coil and a series-connected tuning capacitance (C T ) as shown in Fig. 2 . Often for large-scale ICPs, C T is a variable capacitor. Here, however, C T is a fixed-value capacitance of approximately 3 pF, and the rf frequency of the power source is adjusted to fine tune the C T L C circuit near the resonance frequency. The three-turn spiral inductor (L C ) has an inductance of ϳ40 nH which results in a nominal operating frequency of 450 MHz. The second capacitor in the matching network (C L ) acts to cancel the inductive reactance of the resonant circuit such that the input impedance to the source is real. 11 ICPs are often called transformer coupled plasmas ͑TCPs͒ because a loop of current induced in the plasma by the coil behaves like a secondary winding of a transformer with inductance L P and coupling coefficient k. The finite conductivity of the plasma is modeled by a resistance R P to complete the equivalent circuit model in Fig. 2 . The only a͒ Author to whom correspondence should be addressed; electronic mail: hopwood@ece.neu.edu three circuit elements that require fabrication are L C , C T , and C L . The microfabrication process for these elements is described below.
The microfabricated tuning capacitor operates at high voltage ͑hundreds of volts͒ and high current ͑ϳ1 A͒ at a frequency of 450 MHz. The load capacitor voltage is only tens of volts, but the current capacity is the same as C T . It is also desirable that the capacitors have a high quality factor such that their power dissipation is minimal. In this work it is demonstrated that interdigitated capacitors on a glass substrate are adequate for this task. The width of each digit and the gap between digits was chosen to be 10 m based on photolithographic process constraints and electrical breakdown strength. 12 The capacitors were then designed using the method described by Alley.
13
The surface-micromachining fabrication process used to produce the plasma source is shown in Fig. 3 . Beginning with a 700-m-thick glass wafer, a 100 nm seed layer of gold is sputter-deposited over a 30 nm adhesion layer of Cr. TiW is deposited over the gold to improve photoresist adhesion. Two coats of AZ® P4620 photoresist ͑PR͒ are spun on the wafer to obtain a nominal thickness of 15 m. After exposure and develop of the PR, the TiW adhesion layer is wet etched to reveal the gold seed layer. Gold is electroplated in the mold formed by the PR to a thickness of 7-10 m. The photoresist mold is stripped, and the initial sputtered layers are etched using the electroplated gold as a mask. The scanning electron micrograph of Fig. 4 shows a detailed view of C L in which the tip of one 10-m-wide capacitor digit is surrounded by two digits from the opposite electrode.
The completed wafer is diced and the individual die are mounted in 66-pin hybrid packages. The hybrid packages have a rectangular cutout over which the coil is positioned as seen in Fig. 1 . The electrical connection from the center of the coil to C L is completed by a gold wire bond. Wire bonding also connects the rf input nodes on the die to two pins on the hybrid package. Later versions of the plasma source will have a microfabricated vacuum chamber bonded to the backside of the glass die. Currently, the goal is to characterize the plasma generated by the mICP, so the packaged devices are bonded to a 10-mm-inner diameter ͑i.d.͒ glass tube as shown in Figs. 3 and 5. The glass tube is subsequently attached to a vacuum system. This allows easy access to the plasma by diagnostic probes.
III. EXPERIMENT
Argon gas or air was supplied to a vacuum chamber ͑1 1 3 in. conflat cross͒ to which the mICP was attached as described above. A Langmuir probe or plasma limiter ͑Fig. 5͒ could be inserted into the plasma through a linear motion feedthrough located on a chamber port opposite the mICP. The plasma pressure was measured using a high-accuracy capacitance manometer ͑0.001-10 Torr͒. The vacuum system was evacuated to a base pressure of ϳ10 mTorr using a standard rotary vacuum pump.
In the future the plasma generator will be driven by an integrated circuit oscillator bonded within the hybrid package. For the purpose of precise experimental characterization, however, specialized rf instrumentation is used to supply power to the plasma. The power source consists of a Hewlett Packard 8656A ͑1-990 MHz͒ signal generator and an ENI, Inc. 525LA linear amplifier ͑gainϭ50 dB, 1-500 MHz͒. The forward power and reflected power are measured using a Narda 3020A dual-directional coupler and HP 435A rf power meter. The mICP is contained within a grounded aluminum box, and all electrical connections outside this box are made with 50-⍀ coaxial cable. This instrumentation was used to determine the one-port network parameter (S 11 ) of the mICP.
14 With a plasma ignited S 11 is less than Ϫ20 dB at 443 MHz; in other words, less than 1% reflected power is possible.
Discharges were sustained at pressures between 100 mTorr and 10 Torr in both argon and air. The rf power absorbed by the plasma source was typically in the range of 0.35-5 W. Higher powers resulted in failure of the gold wire bonds to the hybrid package. The sequence of photographs in Fig. 5 shows the appearance of an argon plasma sustained by 0.35 W. The most intense region of the discharge is adjacent to the mICP die. The plasma intensity decays downstream from the generator until the plasma reaches the limiter at 0.5 Torr. At higher pressures, the plasma decays to visibly undetectable levels prior to contacting the limiter. In order to characterize the minimum usable plasma chamber length, the limiter was moved upward toward the plasma generator. The plasma operated even when constrained to lengths as short as 1.5 mm.
Langmuir probes are commonly used to determine electron temperature and ion density 15 in large-scale plasmas. In this work a 5-mm-long cylindrical tungsten probe ͑radius ϭ250 m͒ is used. The glass body of the probe acts as a plasma limiter and constrains the length of the discharge to 6 mm. The ground reference is created within the electrically insulating chamber by depositing a 100 nm TiW film over the glass envelope of the probe body. Plasma potential variations are filtered using a second-order LC filter tuned to 450 MHz. Although a probe invariably perturbs the plasma to a small degree as it is being measured, the relative perturbation is more pronounced in small discharges such as the mICP. For example, the surface of the probe acts as a significant recombination surface for electrons and ions within the mICP. Therefore, the data presented here do not represent the unperturbed mICP, but rather the combination of plasma and probe. Electron temperature (T e ) is determined using the usual method of subtracting a curve-fitted ion current from the probe's current-voltage characteristic and finding the slope of the plot of ln(I e ) versus probe voltage. The ion density is deduced from the ion saturation current (I SAT ) to the probe from n i ϷI SAT /͓0.6qA P (kT e /M i ) 1/2 ͔ where M i is the ion mass and A P is the collection area of the probe. 15 The collection area of the probe is adjusted for sheath expansion using the Child Law sheath thickness.
IV. RESULTS AND DISCUSSION
The electron temperature of argon and air plasmas decreases from ϳ4 eV at 0.1 Torr to ϳ2 eV at 1 Torr ͑Fig. 6͒. There is no correlation between the electron temperature and rf power, which is to be expected in an inductively coupled plasma. The scatter observed in T e is merely representative of cumulative measurement and analysis errors. The ubiquitous global model 16 for electron temperature is also calculated for this plasma and plotted in Fig. 6 . The experimental electron temperatures follow the general trend of the model but are consistently greater. One speculative explanation is that the model assumes a perfect cylindrical geometry. The intrusion of the probe into the plasma, however, results in a significant perturbation along the axis of the discharge and an increased loss rate of charged particles. This increase in loss rate would consequently increase the measured electron temperature above the modeled value. The ion density determined from the Langmuir probe's ion saturation current is shown in Fig. 7 for argon and Fig. 8 for air. The ion density is three to four times greater in argon than air under otherwise identical experimental conditions due to molecular related power losses such as dissociation and vibrational/rotational excitation. The argon plasma ex- hibits classic electropositive behavior; i.e., increased ion density with increasing gas pressure and power. The air discharge at low rf power, however, shows some electronegative behavior. Specifically, the ion density decreases at higher pressure due to electron attachment and negative ion formation. In the more intense air discharge at 3 W, negative ions are destroyed by electron collisions such that increased positive ion density is observed at higher pressures.
The ion density is somewhat lower than expected if a large-scale ICP is taken as the reference ͑typically ϳ5 ϫ10 11 cm Ϫ3 ). The equivalent circuit in Fig. 2 shows that power absorbed by the mICP generator is partitioned between the plasma and ohmic heating of the mICP coil. Power dissipation in the circuit is modeled by the parasitic resistor R C . Plasma power absorption occurs in R P , or more conveniently, in the transformed resistance R S . Because R S and R C are in series, the percent of the total power that is actually absorbed by the plasma is power efficiencyϭR S /͑R S ϩR C ͒ϫ100%. ͑1͒
Large-scale inductively coupled plasmas efficiently transfer power to the plasma ͑ϳ90%͒ because R S ͑ϳ10 ⍀͒ is much greater than R C ͑ϳ1 ⍀͒. 17, 18 In the miniaturized ICP, however, the transformed plasma resistance R S is of the same order or less than the coil resistance ͑ϳ0.4 ⍀͒. This indicates that at least half of the rf power supplied to the generator is dissipated in the coil rather than the plasma.
The efficiency of power coupling to the mICP can be improved by reducing R C or increasing R S . The coil resistance is difficult to decrease due to the shallow skin depth of the rf current at high frequency ͑ϳ3.5 m in gold at 450 MHz͒. The transformed plasma resistance, however, is given by
which can be simplified to 
in the limit that R P 2 ӷ 2 L P 2 , which is generally true for miniature ICPs. The crux of the scaling problem can now be seen by examining the simplified expression for R S . The scaled inductances (L P and L C ) will be much smaller than for a large-scale ICP. At the same time, the smaller discharge volume also increases the resistance of the plasma. The net result is a rather low transformed plasma resistance R S , which makes efficient power coupling difficult. The mitigating factor is that R S has a strong dependence on frequency (R S ϳ 2 ). Previously, it was experimentally shown that the plasma density increases very rapidly with increases in the operating frequency 10 in small ICPs as seen in Fig. 9 . This experimental result can now be understood more completely in terms of Eqs. ͑1͒ and ͑3͒. The next generation of mICPs will take advantage of this frequency-scaling law to improve power coupling efficiency and ion density.
Finally, it should be noted that R P 2 Ӷ 2 L P 2 in large-scale ICPs. This causes the frequency dependence in R S to vanish such that R S ϭk 2 L C R P /L P . In this case, the power transfer efficiency is not a function of frequency. This verifies the well-known experimental observation that plasma density does not increase substantially in large ICPs as the frequency of the power supply increases.
V. CONCLUSION
The microfabrication and testing of a simple monolithic 19 inductively coupled plasma generator has shown that both argon and air plasmas can be generated from 100 mTorr to 10 Torr. The plasma source is robust and has operated in the lab environment for over three months in an unsealed hybrid package. Typically, the plasma requires a few hundred milliwatts of rf power at 450 MHz and does not need any external cooling. The ion density is somewhat lower than largescale ICPs due to ohmic power losses in the coil that limit the power absorbed by the discharge. Future work will focus on scaling the coil and vacuum chamber diameter to approximately 1 mm by increasing the operating frequency. The mICP will also be integrated with a microfabricated FabryPerot spectrometer to form a microgas analysis system.
